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CONVERSION at over one trillion barrels. Although no commercial production of shale oil currently occurs in this region, full-scale production of this resource could involve extraction of several hundred thousand tons of ore per day. Tailings and spoils would be stored, at least temporarily, on the surface in nearby areas (Glenn Miller, U.S. Bureau of Land Management, oral commun., 1985) .
Energy companies are required by law to reclaim surface-mined areas to the approximate premined contours so that gully and channel erosion are minimized. Reclamation of extensively disturbed drainage basins involves reconstruction of valley-side slopes, valley bottoms, and often the stream channels draining these areas. The dimensions of a stream channel are dependent on the geomorphic characteristics of a basin and on the precipitationrunoff regime. A properly designed drainage system in which there is minimal channel erosion or deposition will include these factors. Hydraulic-geometry relations which express channel dimensions as functions of discharge and basin characteristics provide a framework for understanding the variables that control stable channel morphology.
Purpose and Scope
The purpose of this study was: (1) To identify hydraulic-geometry relations characteristic of stable stream channels in northwestern Colorado, and (2) to present methods of estimating discharge at ungaged sites using channel and basin characteristics.
Geomorphic and hydrologic characteristics were documented for stream channels in the Piceance basin in northwestern Colorado. The study sites were located in the drainage basins of Piceance, Yellow, Roan, and Parachute
Creeks; these basins are part of the Piceance Creek structural basin ( fig. 1 ).
The Piceance Creek structural basin is an area of downwarped Tertiary sediments in Rio Blanco and Garfield Counties, Colorado. Most bedrock outcrops are marlstones, shales, siltstones, and sandstones of the Uinta and Green
River Formations (Tweto, 1979; Cashion, 1973 (Mackin, 1948; Schumm, 1977) . Established hydraulic-geometry concepts were employed in an analysis of the independent variables considered to control alluvial channel form and stability.
Channel width, mean flow depth, channel cross-section area, and mean flow velocity of rivers vary as power functions of discharge (Leopold and Haddock, 1953) . The relation of these channel-morphology variables to discharge is called hydraulic geometry. Hydraulic-geometry equations essentially describe both the channel morphology and the resistance to erosion associated with the character of the bed and banks (Leopold and others, 1964, p. 217) . For example, in channels with cohesive banks, width changes little with increasing discharge, while greater adjustments occur in velocity and depth.
Equations in which channel-morphology variables are related to a range of discharges at a given river cross section are called at-a-station relations to differentiate them from similar equations that describe the way in which the variables change downstream as discharge increases by successive contributions of tributaries. Downstream hydraulic-geometry equations relate channelmorphology variables from cross sections at different locations to a standard streamflow characteristic, such as mean annual discharge, or to flows of a common return period. In this study, the standard streamflow characteristic was bankfull discharge, the discharge that just fills the channel to the top of its banks. Channel sections on main-stem streams and channel sections on tributaries were analyzed collectively in this study. Therefore, the resulting hydraulic-geometry equations are not precisely downstream relations; rather, they are composite equations representing basinwide trends in hydraulic geometry with increasing discharge.
In the first phase of the study, channel-morphology variables were described as a function of the bankfull discharge of streams in the Piceance basin by using least-squares regression analysis. The resulting hydraulicgeometry equations were of the form commonly found in the literature (for example, Leopold and Maddock, 1953) . In the second phase of the study, channel-morphology variables were described as functions of sediment size, drainage basin characteristics, and discharge. The analyses in phase 2 attempted to identify additional independent variables that are significant in determining stable channel form. A multiple-regression technique was used in which the channel-morphology variables bankfull channel width, mean bankfull depth, channel slope, and bankfull cross-sectional flow area--were each expressed as a function of the variables drainage area, mean basin elevation, valley slope, main channel length, median grain size of bed material, mean annual precipitation, and bankfull discharge. In the resulting models, channel-morphology variables were explained by the best combination of discharge and basin-characteristic variables. These were generally the models in which £2 , the coefficient of determination, was maximized. £2 values presented herein were adjusted for degrees of freedom (Draper and Smith, 1981) because of the small sample size. These models included only independent variables that explained a significant amount of variance in the channelmorphology variables.
Streamflow may be estimated from channel morphology (Hedman, Moore, and Livingston, 1972; Dury, 1976; Osterkamp and Hedman, 1979) or from basin characteristics (Kuiper, 1957; Leopold and others, 1964, p. 251; Black, 1972) when no discharge data are available. In the third phase^of the study, indirect methods of estimating discharge were examined. Bankfull discharge was expressed as a function of channel morphology; and bankfull discharge, mean annual discharge, and the two-year flood were expressed as functions of basin characteristics.
Sources of Streamflow Data
More than 40 streams and tributaries in the Piceance basin are monitored for streamflow. Eighteen reaches at active streamflow-gaging stations have self-formed beds and banks and are only minimally affected by channel improvements; however, diversions for irrigation are moderate to great at some times of the year. These 18 study reaches are located in drainage basins whose areas range from 3.6 to 630 mi 2 and whose mean elevations range from 6,703 to 8,028 ft. Available data include daily mean discharges, peak discharges, and some water-quality information. When the data were collected in 1981, the period of record for 16 of these stations was less than 10 years.
Several of the studied streams had only a few days of significant discharge during the period of record; these were referred to as ephemeral
streams. An ephemeral stream is one that flows only in direct response to precipitation (Langbein and Iseri, 1960) and may be defined as one in which discharge occurs on less than 10 percent of all days; that is, discharge occurs on fewer than an average of 36 days per year (Osterkamp and Hedman, 1979) . Of the 18 study sites, 8 had daily mean discharges greater than 1 ft 3 /s on less than 10 percent of all days; therefore, these 8 sites were classified as ephemeral-flow streams (table 1) . The remaining 10 sites were perennial-flow streams, streams that flowed continuously. The ephemeral streams studied were located in drainage basins having areas less than 25 mi 2 ; whereas, the perennial streams studied were located in drainage basins having areas greater than 30 mi 2 .
The most commonly cited discharge in hydraulic-geometry studies is the bankfull discharge. Bankfull discharge has been defined in several ways (Williams, 1978) ; generally bankfull discharge is the flow that fills the channel to the tops of the banks. The bankfull channel dimensions of streams in the Piceance basin were identified by a combination of topographic, sedimentologic, and vegetational features.
Bankfull stage at gaged sections was determined in the field by a survey of channel cross section. Bankfull discharge of perennial streams was identified from site-specific stage-discharge relations as the streamflow that where Q D = bankfull discharge (ft 3 /s); t> n = Manning's roughness coefficient, estimated during field data collection; A = bankfull cross-sectional flow area (ft 2 );
R, = hydraulic radius, approximated by mean depth (ft); and S = friction slope, approximated by channel slope.
The percentage of time bankfull .discharge was equaled or exceeded was determined for perennial streams in the Piceance basin study area by using individual station flow-duration curves based on recorded daily mean discharges. Values for perennial streams ranged from 0.1 to 3.0 percent and had a mean of 1.1 percent. The percentage of time bankfull discharge was equaled or exceeded could not be determined for ephemeral streams in the Piceance basin. Discharges comparable to the magnitude of estimated bankfull discharges rarely appeared in the short records of these tributaries. Absence of observed discharges in this range suggests that the channel-forming discharge of ephemeral streams occurs very infrequently; also, discharge that fills an ephemeral channel to the bankfull level may be of such short duration (a few hours) that its significance is obscured by the daily (24-hr) mean discharge used in the flow-duration computation. The nature of streamflow may considerably influence the processes that determine channel morphology in the Piceance basin. Wolman and Miller (1960) state that the variability of streamflow is inversely proportional to drainage area, and that, in smaller drainage basins, more geomorphic work is accomplished by less frequent streamflows. In emphemeral streams, here associated with smaller drainage areas, streamflows of broadly varying magnitude and frequency may abruptly alter an existing channel morphology. A channel morphology, continuously adjusting to long-term changes in the flow regime, is observed in perennial streams, whereas a transient response to a wide range of streamflows of varying intensity is characteristic of ephemeral streams (Thornes, 1977) . It follows that ephemeral-channel morphology may reflect larger or more recent streamflows, while perennial channel morphology is conditioned, in the long run, by a series of integrated streamflows.
Visual inspection of channel morphology and flow-duration trends of
Piceance basin streams also suggest differences between perennial and ephemeral streams. Consequently, the Piceance basin data set was subdivided on the basis of flow type, and hydraulic-geometry equations were recomputed for perennial streams and for ephemeral streams. An analysis of covariance was performed on the slope (exponent) and intercept (coefficient) of the subgroup-regression equations to test for significant differences between the hydraulic-geometry equations of perennial and ephemeral streams. The analysis of covariance indicated some differences between perennial and ephemeral hydraulic geometry equations at the 95-percent level; but, because the sample size of subgroup-regression equations was very small, results of these analyses are unreliable, and they are not included in this report. Separate analyses of data from perennial and ephemeral streams may be desirable in future studies if a larger data set is available.
Multiple-Regression Analyses Leopold and Wolman (1957) System, 1979) in the analyses that follow. In these analyses, the best one, two, or more independent variable models were computed, but only those models were considered whose variables were significant at the 95-percent level. Therefore, it was possible to attain the "best" model for a channel-morphology variable with one or multiple independent variables. When more than one independent variable was significant, the stepwise procedure included them in order of decreasing significance.
The dependent channel-morphology variables to?, D, S, A --were related to several "independent" variables describing basin and sediment characteristics, as well as streamflow. Those variables were DA, £, dso, P , and Q . S and L were not included in the analyses because of their high correlation with c other variables (table 3). In the resulting models, channel-morphology variables were explained by the best individual, or combination of, independent variables. If an original univariate hydraulic-geometry equation had a low R 2 value or a high SE value (table 4), Q could be replaced or supple-D mented with one or more other independent variables that explained more of the variance of the channel-morphology variable.
Stepwise multiple-regression analyses indicated that Q was the only sig- 
where R 2 = 0.76; SE = 37 percent; and n = 17. When included in the group of "independent" variables, DA was the only significant variable, and it accounted for 76 percent of the variance in S. A plot of channel slope and drainage area is presented in figure 6 . 
where R 2 -0.95; SE = 35 percent; and n = 18. £>_ for streams in the Piceance D basin may be estimated with reasonable accuracy using equation 7, if bankfull cross-sectional flow area is known.
If no channel-morphology data are available, discharge can be estimated from drainage-basin variables. Discharge has been related to drainage-basin characteristics with varying degrees of success (Carlston, 1963; Livingston, 1970; Black, 1972; Emmett, 1975) . In this study of the Piceance basin, an attempt was made to relate discharge characteristics to basin characteristics Discharges of greater magnitude and less frequent occurrence also were regressed against drainage area. Although Kuiper (1957) found that peak runoff per unit area decreased with basin size, neither the mean annual flood (Qjap) > defined as the average of yearly peak discharges, nor the peak flood of record (Q pJ7 ) from streams in the Piceance basin could be related to drainage area with a high coefficient of determination. DA was the only significant variable in explaining variance in QIQ and £>25; however, R 2 values for the regression equations were low.
Failure to define predictive equations for higher discharges and flood flows in the Piceance basin is due in part to the poor definition of these flow characteristics derived from short records (table 1) 
D
Visual inspection of 18 Piceance basin stream channels, data plots, and flow-duration records suggested that the streams were members of two populations, dominated by different geomorphic processes or process rates. The data set was subdivided on the basis of flow type, and hydraulic-geometry equations were computed for perennial streams and ephemeral streams. An analysis of covariance of regression coefficients and exponents indicated significant differences between perennial and ephemeral streams in some aspects of hydraulic geometry; but, because the sample size of subgroup-regression equations was small, results of these analyses were unreliable and were not reported.
Distinction between perennial and ephemeral streams in future studies may be desirable if a larger data set is available.
Multiple-regression analyses were performed with additional data from the Piceance basin to examine more thoroughly the independent variables affecting stable channel morphology. In this phase of the study, dependent channel-morphology variables were expressed in terms of basin characteristics (DA, £, P ), sediment size (dso) , and discharge (£? ). A stepwise multiplea D regression technique that maximized R 2 values was employed to determine the most appropriate predictive model for a given channel-morphology variable.
The stepwise multiple-regression technique also permitted replacement of Q by D another independent variable if it improved the R 2 value and reduced SE. This occurred in the equation for S, where DA was found to be more significant than Q in explaining the variance of S (eq. 6) . Predictive equations were derived for Q (eq. 8), Q (eq. 9), and Q 2 (eq. 10).
D n
DA accounted for 72 to 74 percent (SE of 87 to 144 percent) of the variance in these three streamflow characteristics.
Efforts to derive predictive equations for discharges of greater magnitude and lesser frequency were unsuccessful. DA was still the most significant independent variable tested, but it accounted for a relatively small percentage of variance in £ _, £? -> £10> and £25-Inability to relate dis- 
